Abstract. The hydraulic efficiency of wetlands for wastewater treatment was investigated as 11 a function of wetland shape and vegetation density using a 2D depth-averaged numerical 12 model. First, the numerical model was calibrated and validated against field data and then 13 was applied to 8 hypothetical wetlands of rectangular and elliptical shape and different aspect 14 ratio (i.e. 1:1 to 4:1). The vegetation density was varied from 0 to 1000 stems/m 2 . The effect 15 of inlet-outlet configuration was analyzed by simulating the hydraulic response of wetlands 16 with different alignment of the flow inlet and outlet and wetlands with multiple inlets. The 17 resulting Residence Time Distributions (RTDs) were derived from numerical simulations of 18 the flow field and the temporal evolution of the outlet concentration of a passive tracer 19 injected at the inlet. The simulated velocity field demonstrated that wetland shape can have 20 significant impact on the size of dead zone areas, which is also reflected in the RTD. 21
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Efficiency metrics associated with detention time and degree of mixing improved for an 22 elliptical shape compared to a rectangular shape. An ellipse shape improved the wetland 23 performance by reducing the area of dead zones at the corners, and thereby increasing the 24 effective wetland volume contributing to the treatment process. Configurations in which inlet 25 and outlet were located at opposite corners of the wetland, and wetlands with multiple inlets 26 produced smaller dead zones, which reduced the variance of the RTD. The simulation results 27 also revealed an interesting threshold behavior with regard to stem density. For stem density 28 above 300 stems/m 2 , which is typical of treatment wetlands, the model predictions were not 29 sensitive to the exact value of stem density selected, which simplifies the parameterization of 30 models. This quantitative analysis of the effect of wetland shape, inlet-outlet configuration 31 and vegetation density can help engineers to achieve more efficient and cost-effective design 32 solutions for wastewater treatment wetlands. 
Introduction
Here, Ux and Uy are the velocity components along the x and y directions; h is the water 141 depth; zs is the water surface elevation; is the water density; τbx and τby are the bed shear 142 stresses in x and y directions, respectively; and τvx and τvy represents vegetation drag for the x 143 and y directions, respectively. 144
The bed shear stresses can be determined by (Kadlec and Wallace, 2009) . 145
The corresponding bed-drag coefficient (CbD) is defined as: 148 (Musner et al., 2014) . 154
Vegetation drag is modeled using the following expressions for the drag exerted by the stems, 155 as described by (Werner and Kadlec, 1996) . 156
where CvD is the vegetation-drag coefficient (dimensionless), and l is the stem height 159 (assumed equal to water depth). If the plants are modeled as cylinders, the vegetation density 160 parameter (a) can be defined as: 161
in which ns is the number of vegetation stems per unit area (1/m 2 ), and d is the stem diameter 163 (m). From Eq. 9 a non-dimensional vegetation volume fraction is defined as VF=ad=nsd 2 , 164 which represents the volume fractional of the flow domain occupied by plants (Nepf, 1999; 165 Stoesser et al., 2010) . 166
Solute transport model

167
Solute transport of a passive tracer through a wetland was simulated with a depth-averaged 168 solute transport model, 169 
(19) 232
The dimensionless variance or the number of CSTRs can be used to compute the dispersion 233 efficiency of the wetland (Persson et al., 1999) : 234 (Fig. 2) . 273 
Model application
289
Eight hypothetical wetlands, including four rectangular (R) and four elliptical wetlands (E) of 290 aspect ratios (1:1, 2:1, 3:1, 4:1), were modeled (Table. 1). Elliptical wetlands were considered 291 because this geometry is likely to increase the detention time by reducing the area of dead 292 zones at the corners of the wetland, which should reduce the variance and increase the 293 volumetric efficiency (ev) of the RTD. The flow was modeled for a constant discharge rate 294 through an inlet of 10 m width and an outlet with 10 m width. Both the inlet and the outlet 295 were centrally located (Fig. 1) . The effect of inlet-outlet configuration was also examined. In 296 these cases the shape, area and discharge rate were kept constant, and four different inlet-297 outlet configurations for a rectangular wetland of aspect ratio 4:1, R4, were considered, 298 
Results and discussion
310
The RTDs (Fig.3 ) and velocity fields (Fig. 4 and 6) were generated for all configurations. performance must have hydraulic efficiency ℎ ≥ 0.75, whereas hydraulic efficiencies of 326 0.50 ≤ ℎ ≤ 0.75 correspond to satisfactory performance, and ℎ ≤ 0.5 correspond to low 327 performance. First, for both elliptical and rectangular wetland shapes, increasing the aspect 328 ratio (L/W) increased both the volumetric efficiency, ev, and dispersion index, ed, indicating 329 improved treatment performance (Table 1) (Table 1) . Likewise, for elliptical 333 wetlands with 100 stems/m 2 ev and ed increased by 17% and 38%, respectively, between L/W 334 = 1 to 4 (Table 1) . 335
Second, for the same area, depth, discharge rate, and aspect ratio elliptical wetlands 336 consistently had better performance than rectangular ones, i.e. produced higher values of ev, 337 ed, and h, ( Table 1) and consequently the effective wetland area (Aeffective) was reduced, reducing ev from 1. 342
Shifting from a rectangular to an elliptical shape, the dead zones were replaced by regions of 343 moving fluid, increasing the effective wetland area, which then increased ev. The difference 344 was largest for the wetlands with the smallest aspect ratio (L/W = 1), for which ev increased 345 from 0.71 to 0.81 between a rectangular and elliptical shape. Further, at the inlet the elliptical 346 shape provided a gradual expansion in width, which produced a more uniform cross-sectional 347 velocity profile. This can be seen in the more uniform color of the velocity maps in Figure 4 . 348
The range of color (black to red) also provided a general picture of the degree of spatial 349 variation in the velocity field. A smaller spatial variation in the velocity field is associated 350 with smaller wetland scale dispersion. Consistent with this, the elliptical wetlands produce 351 higher values of ed (Table 1) was observed for dispersion efficiency, ed, but occurred at a slightly higher stem density, 300 366 stems/m 2 (Figure 5b and 5d) . The same threshold (300 stems/m 2 ) was also observed in the 367 overall hydraulic efficiency parameter, h (Figure 6 ). The presence of this threshold has 368 important implications for predictive modeling, because it suggests that knowledge of the 369 exact stem density may not be necessary. As long as the stem density is above 300 stems/m 2 , 370 which is typical of treatment wetlands (Serra et al., 2004 ), predictions will not be sensitive to 371 the exact value of stem density selected, which simplifies the parameterization of models. 372 
Inlet-outlet configuration and size
376
Modification of the inlet-outlet position and size affected the flow distribution within the 377 wetland systems (Figure 7) . First, consider the cases for which the inlet width (b) to wetland 378 width (W) ratio was b/W= 0.1. An asymmetric alignment of inlet and outlet, case R4-a (Fig.  379 7a), produced a larger dead-zone away from the inlet-outlet couple (lower left corner in 380 Figure 7a ), compared to a symmetric inlet-outlet, R4 (Fig. 4) . The larger dead-zone reduced 381 the effective volume of wetland, which resulted in a lower value of volumetric efficiency, ev. 382 Specifically, ev dropped from 0.91 for the symmetric case R4 to 0.82 for the asymmetric case 383 R4-a (Fig. 8.a, 8.b) . On the other hand, moving the inlet and outlet to opposite corners, case 384 R4-b, improved the volumetric efficiency, relative to the symmetric base case R4. In fact, the 385 opposite corner configuration produced the highest volumetric efficiency of ev=0.94 (Fig 7.b , 386 Fig. 8.a) . Similarly, the opposite corner configuration (R4-b) also produced the highest value 387 of ed=0.88, compared to 0.84 for the symmetric base case R4 and ed=0.71 for the asymmetric 388 case R4-a, indicating that the opposite corner inlet-outlet configuration produced the least 389 dispersion (Fig. 8.a, 8.b) . Consistent with this, the opposite corner configuration also 390 produced the highest hydraulic efficiency, with h = 0.83, compared to 0.77 for the 391 symmetric base case (R4) and just 0.58 for the asymmetric case R4-a. Finally, for each inlet-392 outlet configuration the ratio between the inlet width (b) and the wetland width (W) was 393 varied between 0.1 to 1 (Fig. 8) . As b/W increased, cases R4 and R4-a experienced a 394 consistent increase in ev and ed from 0.82 and 0.98 and 0.71 and 0.97, respectively (Fig. 8) . 395
However, for the opposite corner case R4-b the variation of the inlet width had little impact 396 on the efficiency parameters (Fig. 8) . 397
The use of multiple inlets improved all of the efficiency metrics (ev, ed h). The 398 velocity field showed that the area of dead zone (black areas) was diminished in the both the 399 double-inlet ( case R4-2i, Fig 7.c) and the triple inlet (case R4-3i, Fig. 7d) systems, compared  400 to the symmetric, single-inlet reference wetland (case R4, Fig. 4 ). In addition, multiple inlets 401 (Figure 7c, 7d ) produced a more uniform velocity field (more uniform color in Figure 7) , 402 compared to the single inlet case R4 (Fig. 4) . 
408
regions of zero velocity.
409
The presence of multiple inlets significantly changed the values of retention time and RTD 410 variance (table 1) . For b/W = 0.1, the velocity field became more uniform as the number of 411 inlets increased (see Figure 7) , which resulted in lower RTD variance (smaller ), and thus 412 high values of the dispersion parameter ed. Specifically, ed, was 0.84 for a single-inlet (Case 413 R4), 0.92 for a double-inlet (Case R4-2i) and 0.94 for a triple-inlet (Case R4-3i) (Fig. 8.d) . 414
The use of multiple inlets also decreased dead-zone area, which increased the values of 415 volumetric efficiency, ev, from 0.91 for R4 to 0.93 for R4-2i and changed to 0.94 for R4-3i 416 (Fig. 8.c) . 
421
The use of a double inlet (R4-2i) also improved the hydraulic efficiency (h) by 8%, relative 422 to the base case with a single inlet R4 (Figure 9 ). However, increasing to a third inlet (case 423 R4-3i), did not produce further improvement (Figure 9 ). The primary advantage of widening 424 the inlet or using multiple inlets was to create a more uniform velocity field with smaller 425 dead-zone area. Therefore, as the inlet width increased (increasing b/W), the added benefit of 426 multiple inlets diminished, and the efficiency parameters converge to a single value for b/W 427 = 1 (Figure 9) . 428 
